Avian infectious bronchitis is an acute, highly contagious disease of chickens. To study the differences of dynamic distribution between nephropathogenic infectious bronchitis virus (IBV) strains such as SAIBK and other strains (the M41 and H120 strains), relative quantitative real-time reverse transcription-polymerase chain reaction was developed by housekeeping gene selection. Glyceraldehyde-3-phosphate dehydrogenase and Ubiquitin were chosen for normalization in this experimental set. Then nine tissues, the trachea, thymus, liver, spleen, lungs, kidney, pancreas, proventriculus, and bursa of Fabricius, were analyzed and compared to determine the tropism of IBV infection. In this research, the kidney and the lung were established of the most sensitive organs in IBV infection. The pancreas and the liver are candidates for antigen detection. The trachea and the spleen can be used as references for histological diagnosis, but they are not suitable for antigen detection; proventriculus might be an important target in IBV infection; the thymus and the bursa of Fabricius were not sensitive organs in IBV infection.
Avian infectious bronchitis is an acute, highly contagious disease of chickens. To study the differences of dynamic distribution between nephropathogenic infectious bronchitis virus (IBV) strains such as SAIBK and other strains (the M41 and H120 strains), relative quantitative real-time reverse transcription-polymerase chain reaction was developed by housekeeping gene selection. Glyceraldehyde-3-phosphate dehydrogenase and Ubiquitin were chosen for normalization in this experimental set. Then nine tissues, the trachea, thymus, liver, spleen, lungs, kidney, pancreas, proventriculus, and bursa of Fabricius, were analyzed and compared to determine the tropism of IBV infection. In this research, the kidney and the lung were established of the most sensitive organs in IBV infection. The pancreas and the liver are candidates for antigen detection. The trachea and the spleen can be used as references for histological diagnosis, but they are not suitable for antigen detection; proventriculus might be an important target in IBV infection; the thymus and the bursa of Fabricius were not sensitive organs in IBV infection.
Key words: avian infectious bronchitis virus; comparation; dynamic distribution; quantitative realtime reverse transcription-polymerase chain reaction IBV belongs to the Coronaviridae family and the Coronavirus genus. Strains of the virus vary in the extent to which they cause pathology in different organs, such as the trachea, lung, kidney, proventriculus, and oviduct. 1, 2) Massachusetts (Mass) type of IBV, which shows respiratory disease, has been found widespread and predominant in majority of countries including the USA, the UK, Australia, and China; H120 is an attenuated live vaccine strain of the Mass serotype.
3) M41 and H120 have been used as candidate vaccines in China. The SAIBK strain was nephropathogenic IBV. It circulated and was isolated in southwest China. This strain was compared by cross-neutralization and found to be serotype T 4) (a nephropathogenic IBV isolated in Australia in 1962 5) ). Though the tissue tropism of QXlike IBV strains (QX IBV, which is characterized mainly by swelling of the stomach, was isolated and identified in 1998 6) ), M41 and 793/B (which causes increased mortality and decreased egg production, was isolated and characterized in Europe 7) ) strains were compared in 2009, 8) the attachment patterns of the IBV S proteins correlate with the tropisms and pathogenicities of the corresponding viruses, as was demonstrated in 2011; 9) the differences in dynamic distribution between nephropathogenic IBVs such as SAIBK and strains M41 and H120 have not been reported in our knowledge.
QR RT-PCR has been demonstrated to be a sensitive, reproducible, and rapid method. 10, 11) It has been used for the detection and rapid differentiation of avian infectious bronchitis virus isolates. [12] [13] [14] [15] [16] [17] In recent quantitative assays, broadly targeted multiprobe QR RT-PCR and high-resolution melt curve analysis by mathematical model led to more reliable, accurate, and non-subjective systems for the detection of IBV in poultry flocks. 18, 19) To compensate for the variations caused by sampling and processing in QR-PCR, normalization is needed to control experimental error. Housekeeping genes expressed at a constant level or at least unaffected by experimental conditions are good candidates for normalization. 10, 20) Though -actin was chosen as internal control in avian influenza virus and infectious bursal disease virus infection, 21, 22) expression of housekeeping genes following IBV infection has not been reported.
In this study, relative QR RT-PCR was carried out with moderate expression housekeeping genes identified in different tissues at different time points in the IBV M41 strain infected group for quantitative analysis. The dynamic distributions of the SAIBK strain, the M41 strain, and the H120 strain were investigated and compared.
Materials and Methods
SPF chickens and virus. SPF embryos were purchased from SPF Experimental Animal Center of Dahuanong Egg (Guangdong, China) and hatched. The SPF chickens were housed into four groups of 24 chickens each in four HEPA-filtered isolators at the Animal Disease Prevention and Food Safety Key Laboratory of Sichuan Province, with y To whom correspondence should be addressed. Tel/Fax: +86-28-85471599; E-mail: whongning@163.com Abbreviations: AIB, avian infectious bronchitis; d.p.i., days post-inoculation; EID50, 50% chicken infection dose; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; G6PDH, glucose-6-phosphate dehydrogenase; HEPA, high efficiency particulate air filter; IBV, infectious bronchitis virus; QR RT-PCR, quantitative real-time reverse transcription-polymerase chain reaction; SPF, specific pathogen-free; UB, ubiquitin ad libitum feed and water. The treatment of all laboratory animals and animal subjects in this study were approved by the Scientific Ethics Committee of Sichuan University.
The M41 strain and the H120 strain were provided by the China Institute of Veterinary Drug Control (Beijing, China), and propagated in 10-d-old SPF chicken embryos. The SAIBK strain was isolated and stored by the Animal Disease Prevention and Food Safety Key Laboratory of Sichuan Province. Allantoic fluid was pooled and stored in aliquots at À70 C. EID 50 was determined by inoculation of serial 10-fold dilutions into SPF embryonated chicken eggs.
23)
Virus inoculation and harvest. At 1 d of age, each bird in the infected group was inoculated intranasally with 50 mL of IBV at 1:5 Â 10 3 EID 50 /mL 12) and the control groups with 50 mL of sterile purified water. All the experimental chickens were examined twice daily for clinical signs, and were killed by cervical dislocation. Nine tissues including trachea, thymus, liver, spleen, lungs, kidney, pancreas, proventriculus, and bursa of Fabricius were harvested from three birds in each group at 1, 4, 7, 10, 14, 21, 28, and 35 d.p.i. under aseptic conditions. Two trachea swab samples from each of the four groups were taken at 5 d.p.i. and 10 d.p.i. for virus re-isolation. All the samples collected from the nine tissues were fixed in 10% neutral buffered formalin. The tissues were processed by standard histological procedures, embedded in paraffin, and cut in 5-mm sections. All of the sections were stained with hematoxylin and eosin, and were examined by light microscopy for lesions due to IBV infection.
Virus re-isolation. Each sample was inoculated into at least four SPF embryos, and allantoic fluids were collected 36 h post inoculation for RT-PCR amplification, and the remaining embryos were examined 1 week later for characteristic IBV lesions such as dwarfing and stunting of embryos. Allantoic fluid (200 mL) from each inoculated embryo was used for RT-PCR amplification following application of the oligonucleotide primers to amplify the whole S1 gene sequence. The PCR products were analyzed on a 1.0% agarose gel. Positive products were sequenced by Sangon Biological Engineering Technology and Services (Shanghai, China).
QR RT-PCR. Total RNA was extracted with RNAisoÔ Plus following the manufacturer's instructions (Takara Biotechnology Dalian, Liaoning, China). The RNA concentration was measured by the absorbance at 260 nm, and the purity of the RNA sample was monitored by inspection of the 260/280 nm ratio by SmartSpecÔ Plus Spectrophotometer (Bio-Rad Laboratories, Hercules, CA) before use in QR RT-PCR. Reverse transcription was performed using a PrimeScriptÔ RT Reagent kit (Takara Biotechnology Dalian, Liaoning, China), following the manufacturer's instructions. A fixed amount of RNA (500 ng) from each sample was converted to cDNA at 20 mL. Similar amounts of total RNA of each sample were subjected to the cDNA synthesis protocol without reverse transcriptase as negative samples. Despite DNase digestion of the samples, these were used as negative RT control samples to assess potential residual DNA contamination of the samples used in the QR RT-PCR assay.
Primers were designed using the GenBank sequences for IBV, 18S rDNA, -actin, GAPDH, and G6PDH with Primer Premier 5.0 software. The primer for UB was based on the sequences used by Li et al. 22) The primer sequences are listed in Table 1 . The primers were tested by performing a BLAST search against the genomic NCBI database.
QR RT-PCR was performed with the iQÔ5 Multicolor Real-Time PCR Detection System (Bio-Rad Laboratorie, Hercules, CA). The following system protocol was run: the thermal cycling conditions included an initial denaturing step at 94 C for 2 min, and 40 cycles at 94 C for 20 s, 60 C for 20 s, and 72 C for 15 s, followed by an elongation step at 72 C for 5 min. A single fluorescence measure was taken after each annealing step. Following amplification, the melting curves of PCR products were determined from 65 to 95 C with a heating ramp of 0.5 C/s and continuous fluorescence measurement to determine the specificity of amplification. Each RNA sample was first controlled for genomic DNA contamination by running the no-RT samples. For the real-time RT-PCR reaction, a system containing the following components was prepared: 10.0 mL, iQÔ SYBR Green Supermix (Bio-Rad Laboratories), 0.5 mL, forward primer (500 nm), 0.5 mL, reverse primer (500 nm), 8 mL, nuclease-free water and 1 mL, template cDNA. For each of the five genes, the reactions were run in triplicate.
Data on the expression levels of the five housekeeping genes from the M41 strain infected groups were obtained as Cp values based of the E ÀÁCT equation with the Bio-Rad iQÔ5 version 2.1 software (Bio-Rad Laboratories). Then the stability of the housekeeping genes was evaluated by the geNorm program (version 3.5) and Normfinder software (version 19). The principle of geNorm is that the expression ratio of two ideal internal control genes is identical for all tested samples. NormFinder is another reference tool for identifying ideal normalization genes among various candidate genes. The gene assigned the value by this software indicated highest stability.
Dynamic distribution. The data on the expression levels of the virus were normalized by the chosen housekeeping genes and analyzed statistically. The normalized data was listed by d.p.i. in Graphpad Prism 5.0 software. Then relative amounts of the tissues were calculated for tissue tropism, and the dynamic distribution of all organs was gathered for comparison. The results showed the virus RNA-load of IBV infection and the tropism for each strain.
Results and Discussion
Clinical signs and virus re-isolation At 3 d.p.i., more than 2/3 of the birds of the IBV challenged group were depressed with ruffled feathers and respiratory distress. At 4 d.p.i., respiratory symptoms became obvious in all the chickens and lasted until 8 d.p.i. The SAIBK infected chickens were listless and huddled together, and showed ruffled feathers. By 11 d.p.i., only slight respiratory were observed. The characteristic lithate deposition of the kidney developed by 7 d.p.i. in the SAIBK infected group (Fig. 1) . No clinical symptoms were observed in the control group. No virus was recovered from any sample from the control group. IBV was isolated from all swab samples in the challenged groups. IBV inoculation was identified positively by analysis on agarose gel and the gene sequence of the S1 subunit of the spike gene.
Histology
In the tracheas, severe lesions were found from 4 d.p.i. The mucosal epithelium had incrassated, and capillary injection was evident and few inflammatory cells were present (Fig. 2a) . Each strain showed obvious respiratory pathological changes. The lesions in the infected groups recovered by 10 d.p.i.
The SAIBK group showed lesions at 7 d.p.i. in the lung, and M41 lasted from 7 d.p.i. to 10 d.p.i. Mild lesions were found in the primary and secondary bronchi. Nodular and diffuse mononuclear cell infiltration was observed in the parenchyma (Fig. 2b) .
From 4 d.p.i. to 14 d.p.i., nodular and diffuse lymphohistiocytic infiltration was found between the tubules, especially adjacent to the distal tubules and collecting ducts. Granulocytic and urate casts were evident in the SAIBK group (Fig. 2c) . The lesions induced by the M41 strain in the kidney were less severe. No obvious lesions were seen in the lung or kidney of the H120 group.
There were mang physalides in epithelial cells in the proventriculus of the M41 and H120 groups by 7 d.p.i. (Fig. 2d) . The lesions became more severe and peaked by 21 d.p.i. Samples from the SAIBK group did not show any abnormities.
In the M41 and SAIBK groups, obvious congestion and hemorrhage appeared in the red pulp in the spleen from 4 d.p.i., and in infiltrations at the same time (Fig. 2e) . Spleen recovered by 21 d.p.i. The pathological changes in the H120 group were less severe.
No obvious lesions were seen in the thymus, liver, pancreas, or bursa of Fabricius.
QR RT-PCR QR RT-PCR efficiency (E) values for the virus and the five genes were as follows: virus 100.1%, 18S rRNA 115.7%; GAPDH 90.1%; -actin 112.8%; G6PDH 106.8% and UB 93.8%. The correlation coefficients were 0.994, 0.997, 1.000, 0.999, 0.999, and 0.995 respectively. The high correlation coefficient and large dynamic range confirmed amplification efficiency reproducibility.
Normalization strategies are necessary to correct for real-time PCR experimental error. The advantage of the use of reference genes for normalization is that measured reference gene variability represents the cumulative error of the entire process. 24) In our assay, all five genes of the nine tissues were analyzed in the M41 infected group. The expression stability of candidate genes was sorted by geNorm software from least to most stable: 18S rRNA, 0.86273; G6PDH (glucose-6-phosphate dehydrogenase), 0.76009; -actin, 0.66207; GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 0.64152 and UB (0.64152). GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and UB yielded the same value. The pairwise variation V n=nþ1 between two sequential normalization factors, NF n and NF nþ1 , was found to be V 2=3 , 0.197; V 3=4 , 0.193; V 4=5 , 0.181. V 2=3 and V 3=4 showed no obvious difference, indicating that the added third and fourth reference genes did not play important roles. The geNorm TM Housekeeping Gene Selection Kit handbook suggested that the proposed 0.15 value must not be taken as a strict cut-off. Variations in different tissues can lead to values of V n=nþ1 greater than 0.15. Here GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and UB were considered candidate genes. -actin, which yielded the higher M value (0.66207) in stepwise exclusion by the geNorm program, was eliminated.
GAPDH which yielded a stability value of 0.238, was also identified as the best gene by Normfinder software ( Table 2) . As suggested by the software, GAPDH and UB were identified and validated as internal controls in this experiment.
Comparative dynamic distribution of SAIBK, M41, and H120 in vivo IBV strains vary greatly in tissue tropism. Mass serotype virus can cause respiratory syndrome, clinical being difficulty in breathing, rales, coughing, and sneezing. Certain strains, such as Holt, Gray, and SAIBK, have been found to be severely nephropathogenic. A range of pathological studies on IBV infection have been carried out, 25) but these were mainly restricted to individual organ systems. Very little information is available on the dynamic distribution occurring in a range of tissues over time. Lucio and Fabricant detected tissue tropism in three cloacal isolates and the Mass strain in 1990. 26) Chousalkar has studied the effects on the oviduct of vaccined hens of LNA probe-based QR RT-PCR. 27) As normalized by GAPDH and UB, the relative amounts of IBV-specific RNA were determined. The results for the quantitation of IBV-specific RNA in each organ are shown in Fig. 3 . The highest amount was detected in the kidney of the SAIBK group and the lungs in the M41 groups.
Based on analysis of the three strains separately, the amounts of virus RNA in the trachea peaked by 14 d.p.i. 8) In our research, the RNA loads of certain organs such as the lungs, kidneys, and proventriculus were detected at 28 d.p.i.
Analyzing the values of the three strains together, it was found that the highest relative amounts were measured between 10 d.p.i. and 14 d.p.i. in the lung and the kidney. In the M41 infected group, the highest relative amounts appeared in the lung, kidney, liver, and pancreas; the H120 group was similar to M41, but the amount was lower. In the group infected with SAIBK, the relative amount in the kidney reached more than 100, the kidney was an important tissue in SAIBK strain infection.
The clinical signs and histology analysis accorded with the results of QR RT-PCR on the whole. Severe infection was detected from 4 d.p.i. to 14 d.p.i. QR RT-PCR normalization by housekeeping genes made this experimental model more exact and stable. The SAIBK isolate also caused respiratory effects, like M41, but not so severe. Viral RNA was found in all tested organs. Relatively mild clinical and pathological signs and limited virus replication were found in the H120 group. The absence of obvious histological changes and measurable replication in the kidney point to SAIBK serotype as severely pathogenic. The kidney and lung were the most sensitive organs as to IBV infection. The pancreas and liver are candidates for antigen detection. The trachea and spleen can be references for histological diagnosis, but are not suitable for antigen detection. The results also indicate that the three strains can cause damages in the proventriculus and can last more than 35 d.p.i. Proventriculus might be an important target in IBV infection. The thymus and bursa of Fabricius were not sensitive as to IBV infection.
The course of infection is the foundation for understanding the molecular mechanism of IBV pathogenicity, and the relation of IBV to host cells, the key point in IBV prevention. In our research, a quick, accurate, convenient, and universal QR RT-PCR was validated. The dynamic distribution of main tissues after infection in vivo was determined. To our knowledge, the dynamic distribution of the three strains calculated by relative QR RT-PCR is first reported here. Another approach, the replicate process of IBV by the relative amounts of the nine tissues at eight time points was displayed. Information on the time and organ for accurate clinic sampling was also obtained. Development (2011AA10A209), the earmarked fund for the Modern Agro-Industry Technology Research System (CARS-41-K09), and the Natural Science Foundation of China (30972201).
